Nd 3+ -doped RE 3 Ga 5 O 12 (RE = Gd, Y, and Lu) nano-crystalline garnets of 40-45 nm in size have been synthesized by a sol-gel method. With the decrease of the RE atom size, the chemical pressure related to the decreasing volumes of the GaO 4 tetrahedral, GaO 6 octahedral and REO 8 dodecahedral units drive the nano-garnets toward a more compacted structure, which is evidenced by the change of the vibrational phonon mode frequencies. The chemical pressure also increases the crystal-field strength felt by the RE 3+ ions while decreases the orthorhombic distortion of the REO 8 local environment. These effects alter the absorption and emission properties of the Nd 3+ ion measured in the near-infrared luminescence range from 0.87 to 1.43 μm associated with the 4 F 3/2 → 4 I J (J = 9/2, 11/2, 13/2) transitions. The 4 F 3/2 luminescence decay curves show non-exponential behavior due to dipole-dipole energy transfer interactions among Nd 3+ ions that increases with pressure.
Introduction
Since the discovery of the laser, the use of the trivalent Neodymium (Nd 3+ ) ion-doped inorganic materials have attracted great attention in many areas, from science research to industry applications. Nd 3+ ions exhibit broad and strong absorption band around 800 nm and a very intense emission around 1.06 µm, following a "four-level" scheme. Further, the 4 F 3/2 emitting state can be conveniently populated by low-cost, commercially available laser diodes [1] . In addition, it has many intense pumping levels and efficient up-converted emissions [2] .
Among different host materials, garnet crystals have always been attractive gain media for laser applications due to their high mechanical strength and good thermal and optical properties, such as high density, high thermal conductivity, good chemical stability, highly isotropic, high transparency from UV to mid IR region, and relatively low-energy phonons, making them one of the most important families of host matrices for the trivalent rare earth (RE 3+ ) ions. Nd 3+ -doped Y 3 Al 5 O 12 (YAG) garnet has been traditionally considered as the standard laser material, even though it shows a low effective distribution coefficient of Nd 3+ ions and lack of ideal garnet structure for higher radii RE 3+ ions, limiting the doping concentration to only a few atomic percent [3] . These disadvantages can be overcome by replacing aluminum atoms with gallium ones, since these garnets have larger unit cell volumes, higher refractive index and higher RE 3+ solubility, thus showing larger oscillator strengths and stimulated emission cross-sections, lower pump threshold and higher laser efficiencies [3, 4] . In the last decade, much efforts have been spent in the study of the luminescence properties of RE 3+ -doped Gd 3 Ga 5 O 12 (GGG), Y 3 Ga 5 O 12 (YGG) and Lu 3 Ga 5 O 12 (LuGG) nanocrystalline garnets [5] [6] [7] [8] , especially in the development of lasers and phosphors in lightning, 3-D optical imaging for displays, bio-imaging, and as an alternative to quantum dots in photonic devices.
The ability to predict and control the luminescence properties of RE 3+ -doped systems concerns the interactions occurring in its first coordination shell, where factors such as bond lengths and angles, coordination number, and covalency determine the energy, mixing, and splitting of the electronic states involved in the absorption and luminescence spectra [9] . The customary approach for investigating the relationship between local environment and optical properties is through variations of the chemical composition, in order to systematically vary the lanthanide-ligands bond distances and angles and gain useful information in developing a predictive capability. This size effect can be illustrated by the concept of internal pressure exerted by the host on the dopant, an approach known as chemical pressure.
In this work, we study of the effects of chemical pressure on the structure, and hence, on the vibrational and optical properties of the Nd 3+ ion in a series of RE 3 Ga 5 O 12 gallium nanogarnets when the size of the RE 3+ ( = Gd 3+ , Y 3+ , Lu 3+ ) changes. The chemical pressure will modulate the structural, vibrational and elastic properties of the nano-garnet. In addition, the crystal-field interaction felt by the RE 3+ ions is expected to be different in these three host lattices due to the magnitude of the size mismatch with the ligands [10] . The size effects also generate stresses, strains and rearrangements in the first coordination sphere of the Nd 3+ optically active ion, entering as dopant in the nano-garnets, which modifies not only the local structure but also the expansion of the 4f wave functions due to the increased covalent bonding. Further modifications of free-interactions and of crystal-field, and hence, in the optical properties are then induced.
As far as we know, there are no works on Gd 3 Ga 5 O 12 , Y 3 Ga 5 O 12 and Lu 3 Ga 5 O 12 gallium nano-garnets doped with Nd 3+ ions synthesized by a low-cost, low-temperature and environmental friendly sol-gel technique. The exact knowledge of the structural properties and their correlation with vibrational and optical properties is of paramount importance for photonics applications, the real target to be achieved with these nanomaterials.
Experimental
Nano-garnets of composition RE 3(1-x) Nd 3x Ga 5 O 12 (where RE = Gd, Y, and Lu, and x = 0.01; labeled as GGG1Nd, YGG1Nd, and LuGG1Nd, respectively) were synthesized by citrate solgel method [5] [6] [7] . X-ray diffraction (XRD) patterns were measured on a diffractometer (PANalytical X'Pert Pro) using CuKα 1 radiation. Infrared absorption and Raman spectra were recorded using a spectrometer (FTIR Bruker IFS66) and a microspectrometer (Horiba JobinYvon LabRAM HR UV, equipped with a HeNe laser), respectively. A spectrophotometer (Cary 5000) was used to measure the diffuse reflectance spectra. The luminescence spectra were measured by exciting with cw tunable Ti:sapphire laser (Spectra Physics 3900S) pumped by a 10 W cw Ar + laser (Spectra Physics 2060-10 Beamlock). The emission was focused onto a 0.32 m monochromator (Jobin Yvon Triax 320) coupled with thermoelectric photomultipliers (Hamamatsu R5108 and H10330B-75). The luminescence decay curves were obtained exciting with a 10 ns pulsed optical parametric oscillator (EKSPLA/NT342/3/UVE) using a digital storage oscilloscope (LeCroy WS424) coupled to the detection system. Spectra were corrected from the instrument responses and made at room temperature.
Results and discussion

Structural properties
X-ray powder diffraction patterns for GGG1Nd, YGG1Nd, and LuGG1Nd nano-garnets are shown in Fig. 1 . All the reflections in the profiles of the powder samples are well indexed to a single cubic (bcc) phase with space group Ia-3d (No. 230, Z = 8), where no impurity phase has been detected. Crystal structure parameters have been obtained after fitting the profiles of the nano-garnets by the Rietveld method using the FULLPROF program [11] . As can be seen from Table 1 , quite goodness of fitting parameters (see the reliability factors -χ 2 , R p , R wp , and R exp ) has been noticed and only small differences have been found for the amplitudes of few peaks (see Fig. 1 ). Two main features can be outlined from these results: i) the crystalline structures of the gallium nano-garnets are very similar to those of their bulk counterparts (for example, the experimental unit cell parameter for the bulk LuGG, 12.19 Å [12] , is practically equal to that of the LuGG nanoparticles, 12.2 Å) and, ii) the decrease in the values of the cell parameter a (see Table 1 ) and, hence, in the volume V of the unit cell (see Fig. 2 and When the size of the nanoparticles is very small (< 5 nm) it is quite typical to observe distortions of the crystalline structure due to the high surface-to-volume ratio, which further affect the vibrational and optical properties of the material, but that may disappear when the size of the nanoparticles increases [13] . The average crystallite size D of the nano-garnets has been calculated by using the Scherrer's formula (D = 0.89λ/βcosθ, where λ = 1.5406 Å is the incident wavelength of X-rays, β is the full width at half maximum of the peaks, and θ is the angle of diffraction), giving estimations of around 40, 45 and 45 nm for GGG1Nd, YGG1Nd and LuGG1Nd nano-garnets, respectively. The most intense peaks at 2θ angles, i.e., at 32.38309 for GGG1Nd, at 32.74405 for YGG1Nd, and at 32.94458 for LuGG1Nd have been used for these calculations. In order to obtain nanoparticles in the form of pure garnet structure, the sol-gel synthesis needs thermal treatments that give rise to particles of sizes not smaller than 40 nm. We can still talk about nano (particle size<100 nm), but in fact what we observe in these nanoparticles is that we can achieve the same properties as the garnet bulk materials but with smaller particle size. As a conclusion, our results show that these nanoparticles have essentially bulk garnet structural properties and, as it will be shown later in this paper, the same applies for the vibrational and optical properties, which may open new and interesting optical and photonic applications with increased resolution with respect to conventional bulk phosphors. The RE 3 Ga 5 O 12 garnet crystalline structures can be described as a three dimensional network of GaO 4 tetrahedra (S 4 point symmetry) and GaO 6 octahedra (S 6 point symmetry) linked by sharing oxygen ions at the corners of the polyhedra [6] . These polyhedra are arranged in chains along the three crystallographic directions and form dodecahedral cavities that are occupied by the RE 3+ (Nd, Gd, Y, or Lu) ions with a D 2 point symmetry. The difference in the ionic radii of these RE 3+ ions is associated to the rare earth, or lanthanide, contraction effect, and it has its origin in the fact that the filling of the 4f orbital through the lanthanide series poorly screens the increasing nuclear charge. Thus the increasing effective nuclear charge strongly attracts the outer electrons and gives rise to a decrease in the dimensions of the RE electron shells over the series. A special mention must be paid to Y 3+ ion, which is a transition metal ion but it is often classified as a rare earth ion due to their chemical similarities. The differences in the ionic radii of Gd 3+ , Y 3+ and Lu 3+ ions have a dramatic effect on the cubic structure of the garnet structure by reducing the volume of the unit cell by a 5% (see Fig. 2 ), an effect clearly observed in the shift of diffraction peaks to higher Bragg's angles when passing from Gd 3+ to Lu 3+ , taking into account the Bragg's equation, where the angle is inversely proportional to the inter-planar distance that is proportional to the unit cell size. This gives rise to successive more compacted arrangements of atoms, and hence with smaller RE-O distances, that result in a stronger crystal-field interaction between the oxygen ligands and the RE 3+ ions. The decrease of the unit cell volume is in clear correspondence with the decrease of the volumes of the GaO 4 tetrahedron (−12%) and the GaO 6 octahedron (−5%), as can be seen in Fig. 2 , although with asymmetrical changes when compared to those results found for the YGG1Nd nano-garnet, necessary entailed in order to keep the right unit cell volume. Anyhow, this "size effect" produces a drastic descrease of around −15% of the dodecahedron cavity volume (see RE-O arrangement in Fig. 1 ), correlated with its higher compressibility compared to the Ga-O arrangements.
Except for the special Y 3+ ions, which shows a noticeable decrease of the RE-O bond distances (see Table 2 ), the distance from the RE 3+ ions to the oxygen ligands in the dodecahedral site decreases when the ionic radius of the central ion decreases, i.e. when replacing Gd 3+ for Lu 3+ , giving rise to stronger crystal-field interactions between the RE 3+ ions and their oxygen ligands. In addition, the two sets of distances, i.e. RE-O1 and RE-O2, are also closer in magnitude (see Table 2 ), making the faces of the dodecahedral site more planar (see Fig. 1 ) and, hence, reducing the orthorhombic distortion. In this scenario, and due to ionic size considerations in the RE 3 ions. However, the degree of disorder or distortion of the Nd 3+ sites, which is expected to increase with the decrease of the dodecahedral volume due to the size mismatch, cannot be clearly stated through diffraction measurements.
Vibrational characterization
In order to understand the effects of the chemical pressure on vibrational frequencies in the gallium nano-garnets, especially those which play a key role in the Nd 3+ non-radiative multiphonon de-excitation processes, the infrared-and Raman-active modes have been measured (see Fig. 3 ). According to group theoretical considerations, the Ia-3d structure of RE 3 Ga 5 O 12 garnet has 98 vibrational modes that can be classified at the Brillouin Zone center as 25 Raman-active modes (Γ R ), 17 infrared-active modes (Γ IR ), 55 optically-inactive (silent) modes (Γ S ), and 1 acoustic (T 1u ) mode [12] .
The IR absorption spectra (see Fig. 3 .left) of the three nano-garnets consist of two very broad bands with maxima at around 600 and 840 cm −1 . Depending on the RE 3+ ion, these two bands show hyperfine structures of 4 or 5 peaks that are shifted in energy and with different intensities due to overlapping effects, making the identification of the 17 IR-active modes a difficult task. On the other hand, out of 25 predicted Raman-active modes, 17 of them are experimentally observed for the gallium nano-garnets (see Fig. 3.right) . Assignments of the modes have been carried out on the basis of previous experiments and theoretical calculations [12] and, as it has been already mentioned, quite good agreements have been found between the vibrational modes of the RE 3 Ga 5 O 12 nanoparticles and their bulk single-crystal counterparts. In addition, the introduction of 1.0 mol% of Nd 3+ ions does not affect the lattice dynamics of the garnet structures [12] .
The complex IR and Raman spectra of nano-garnets can be interpreted on the basis of the vibrational modes of the GaO 4 tetrahedral, GaO 6 octahedral and REO 8 dodecahedral units. This approximation makes the discussion easier, although it has to be clearly stated that the attribution of each mode to a single unit is not straightforward, since the vibrations of the different polyhedra are strongly coupled to each other. In this respect, the vibrational spectra of the RE 3 Ga 5 O 12 garnets can be divided into two main ranges: the low-frequency range (100-300 cm −1 ), with a considerable contribution of vibrational modes of RE 3+ ions, and the highfrequency range (300-800 cm −1 ), with almost no contribution of RE 3+ ions. We must note that both ranges are dominated by the vibrations of the GaO 4 and GaO 6 units.
The main feature of the vibrational spectra is that all the IR and Raman phonon frequencies exhibit a monotonous increase as the chemical pressure increases due to the decrease of the interatomic distances in the unit cell volume when replacing the Gd 3+ ion for Y 3+ and Lu 3+ ones, in a similar way as when high pressure is applied on a garnet to reduce its volume using a diamond anvil cell [12] .
Raman spectrum of the three garnets are represented in Fig. 3 (right) . As it is clearly observed, the modes with the largest chemical pressure variations are those with frequencies above 300 cm −1 , which are related to vibrations of GaO 4 tetrahedra and GaO 6 octahedra. It is worth noting that the highest frequencies of the vibrations corresponding to tetrahedral and octahedra are found in the LuGG structure. This can be explained taking account the variations of local internal parameters of the polyhedra that constitute the garnet unit cell. The bond distances of the polyhedra are shown in Table 2 and it is observed that the smaller the ionic radius of RE 3+ is, the smaller the unit cell volume is and the smaller the Ga-O distances in the tetrahedra and octahedra are. Therefore, the restoring forces between the Ga and O atoms increase and the phonon frequencies of the tetrahedra and octahedra increase with the increase of the chemical pressure. The low-frequency region, only measured for the Raman-active modes, is dominated by translational movements of the GaO 4 tetrahedron and REO 8 dodecahedron. The phonon frequencies of GaO 4 increase as the size of the RE decreases, as occurs in the high-frequency range. On the contrary, the two lowest-energy E g and T 2g phonons at 110 and 167 cm −1 , respectively, and the E g mode (258 cm −1 ) and the T 2g mode (271 cm −1 ) in the GGG garnet decrease in frequency when the chemical pressure increases from Gadolinium to Lutetium. This is due to the fact that these modes are associated to the vibrations of the dodecahedra. Therefore, they exhibit a clear dependence on the mass of the RE atom since the frequencies are expected to decrease for heavier RE atoms in the garnet structure. This dependence also explains the large differences of the YO 8 vibrational modes with respect to those corresponding to other RE 8 , since they can be directly correlated with the much smaller mass of the Y atoms than of RE atoms. Curiously, the modes in the YGG nanogarnet above 300 cm −1 have frequencies which are intermediate between those of GGG and LuGG nanogarnets, despite the Ga-O distances in the YGG nanogarnet are larger than those of GGG nanogarnet and, therefore, should exhibit smaller frequencies. This result can be understood by the coupling of all polyhedra in the different vibrations and the compensation effects of the larger Ga-O distances (leading to smaller frequencies) and the smaller mass of Y atom (leading to larger frequencies of all the modes of the compound) compared to those values in the GGG nanogarnet.
Optical properties
Optical spectroscopy is a powerful technique that can throw light on the influence of the chemical pressure on the optical properties of the Nd 3+ ion and its correlation with its real immediate environment in the gallium nano-garnets under study. The optical properties of the Nd 3+ ions and, therefore, their interest for optical and photonic applications depend on the local structure of these ions in the nano-garnets, since it rules the fine structure splitting of the free-ion multiplets and the forced intra-configurational 4f-4f electric-dipole transition probabilities in the optical (UV-Vis-NIR) range [14] . In the gallium nano-garnets under study, the Nd 3+ ions will predominantly enter the distorted dodecahedral sites by replacing the RE 3+ (Gd, Y, or Lu) ions without charge compensation. Thus the eight oxygen ligands surrounding the optically active Nd 3+ ion create a local environment with orthorhombic D 2 point symmetry. As a consequence, the D 2 crystal-field interaction felt by the optically active ion will completely remove the degeneracy of the 2S + 1 L J multiplets of the free-Nd 3+ ion (except for the Kramers degeneracy) giving rise to (2J + 1)/2 Stark, or crystal-field, levels labelled according to the D 2 irreducible representations. The changes in the bond distances and angles between the Nd 3+ and their ligands due to chemical pressure will also modify the crystal-field interaction, which will be reflected as changes in the energy level diagram and the absorption and emission spectra of the Nd 3+ ions in the different nano-garnets.
The first step in this study is the measurement of the diffuse reflectance spectra of the RE 3 Ga 5 O 12 nano-garnets doped with 1.0 mol% of Nd 3+ in the visible-NIR range, which are given in Fig. 4 . The peaks observed correspond to intra-configurational 4f 3 [16] . The main fact is that the relative intensities (directly proportional to the absorption probabilities) and the fine-structure of the bands are closely similar for the three nano-garnets, but with slight and measurable differences in the energies of the fine structure of peaks of each band. These differences can be clearly observed for the 4 I 9/2 → 2 H 9/2 , 4 F 5/2 transitions given in Fig. 4 (right) . When analyzing this absorption transition for the GGG1Nd, YGG1Nd and LuGG1Nd nano-garnets, and as a general feature, there is a combination of a slight red-shift and a reduction of the energy gaps between peaks, and hence in the splitting of the multiplets, with the decrease of the dodecahedron volume. 4 I 11/2 transition, and that they can be compared taking into account that the spectra of the YGG1Nd and LuGG1Nd nano-garnets have been vertically shifted by a fixed constant value. Again, the peaks associated to transitions from the thermalized Stark levels to the low energy Stark levels of the 4 I J multiplets clearly show a decrease in the splitting of these multiplets.
From the absorption and emission spectra, a partial energy level diagrams of the Nd 3+ ion in the RE 3 Ga 5 O 12 nano-garnets are given in Fig. 6 (left) , showing interesting differences that can be directly associated to the increase of the crystal-field strength felt by the Nd 3+ ions when reducing the size of the RE 3+ ion (Gd 3+ , Y 3+ or Lu 3+ ) in the dodecahedral sites of the gallium nano-garnets [10] . When analysing the crystal-field interaction it is worth noting that the local symmetry at the Nd 3+ sites in garnets is often described as an orthorhombic distortion of a main cubic symmetry [17] . Thus two contributions must be taken into account when describing the crystal-field interaction: the cubic symmetry component and, superimposed, the non-cubic symmetry component that accounts for the real D 2 symmetry at the Nd 3+ sites. Using this description, the cubic symmetry splits the ground 4 I 9/2 multiplet in three levels (Γ 6 + 2Γ 8 ) while keeping the lowest emitting 4 F 3/2 level as a Γ 8 singlet (see Fig. 6 .right). For the 4 I 9/2 ground multiplet, the non-cubic distortion removes the remaining degeneracy and each Γ 8 cubic-level splits in two Stark doublets (Z 1 -Z 4 Stark levels), leaving the Γ 6 singlet (Z 5 Stark level) well separated (around 500 cm −1 ) from the rest. Interestingly, for the 4 F 3/2 multiplet it can be concluded that the non-cubic part of the crystal-field interaction must be directly responsible for the observed splitting into the R 1 and R 2 Stark emitting levels, which can be taken as a rough measurement of the magnitude of the non-cubic orthorhombic distortion from the main cubic field [17] . The contraction of the peaks of the 4 F 3/2 → 4 I J transitions as well as the red-shift of the lowenergy peaks in the luminescence spectra when the volume of the dodecahedron decreases by reducing the ionic radius of the RE 3+ ions, i.e. when the chemical pressure over the dodecahedral sites increases, can be understood taking into account various factors. Starting with the 4 F 3/2 multiplet, the R 1 -R 2 energy gap is lower in LuGG (~37 cm −1 ) and YGG (~35 cm −1 ) than for GGG (~44 cm −1 ) gallium nano-garnets, while its barycenter, or centroid, also decreases in energy. At the same time, the Z 1 -Z 4 Stark levels of the 4 I 9/2 multiplet scarcely decrease in energy and become closer in energy, being the Z 5 the only one that increases. The combination of these factors is due to the stronger crystal-field strength felt by the Nd 3+ ions, as well as a higher degree of covalency of the Nd 3+ -ligands bonds in LuGG1Nd than in YGG1Nd and GGG1Nd gallium nano-garnets. The former increases the hyperfine splitting of the 2S + 1 L J multiplets, whereas the latter produces an overall contraction of the 4f 3 ground configuration. Similar results have been found in different crystalline garnets when high pressure techniques are applied [17] .
Special attention has to be paid to the splitting of the 4 F 3/2 multiplet, since the R 1 -R 2 energy gap decreases as the chemical pressure increases; an effect also observed in the Γ 8 levels of the 4 I 9/2 ground multiplet. If there is a smaller dodecahedron volume, leading to smaller RE-O distances, an increase of the splitting of the multiplet is expected. In addition, the large ionic radius of the Nd 3+ ion is also expected to increase the distortion of the dodecahedron, especially in the case of YGG and LuGG in which the size mismatch of the Nd 3+ and the RE 3+ ions are larger. However, in the case of the nano-garnets, as the chemical pressure increases the redistribution of the bond distances (RE-O1 and RE-O2 are increasingly closer in value) and angles of the dodecahedron effectively decrease the orthorhombic distortion. In other words, the local symmetry of the Nd 3+ site in the garnet structure moves closer to cubic when the chemical pressure increases, leading to a smaller splitting of the Γ 8 levels. An effect also observed in high pressure experiment in Nd 3+ -doped garnet crystals [17] . However, it is worth noting that the dodecahedral unit will never reach the cubic structure, even when the Nd-O1 and Nd-O2 distances may become equal applying high pressure with a diamond anvil cell [18] .
On the other hand, it is well known that the branching ratio is a critical parameter for laser design as it characterizes the stimulated emission from any specific transition. Hence, branching ratios have been evaluated for the 4 F 3/2 → 4 I J (J = 9/2, 11/2 and 13/2) main transitions of Nd 3+ ion in the three gallium nano-garnets. The branching ratio of the 4 F 3/2 → 4 I 11/2 laser transition is found to be 0.71, 0.70 and 0.69 for LuGG1Nd, YGG1Nd, and GGG1Nd nano-garnets, respectively. These results are higher compared to those of Nd In addition to a high branching ratio for laser or amplification applications, it is also necessary to have longer lifetimes for the Fig. 7 ). The decay curves exhibit a slight non-exponential nature for short times. Single exponential dynamics are only expected at low concentration of Nd 3+ ions, where interactions among the optically active ions are negligible. As the Nd 3+ concentration increases, and due to the presence of multipolar interactions between them, the decay curves show non-exponential behavior associated with the quasi-resonant energy transfer cross-relaxation ( 4 F 3/2 , 4 I 9/2 )→( 4 I 15/2 , 4 I 15/2 ) channel (see dotted lines in Fig. 6 .left). In addition, the presence of Nd 3+ -Nd 3+ pairs and a small fraction of Nd 3+ ions in octahedral sites may also contribute to the non-exponential behavior of the luminescence decay curves [10] .
taking into account the uncertainty of the transfer parameter, the energy transfer interactions among Nd 3+ ions seem to be rather similar for the three nano-garnets, not showing the expected large increase when the RE-RE distances are reduced (Gd-Gd = 3.804 Å, Y-Y = 3.768 Å, and Lu-Lu = 3.732 Å) with the chemical pressure. In addition, the τ 0 values for the 4 
Conclusions
A correlation between the structures of rare earth gallium nano-garnets and the vibrational and optical properties of the Nd 3+ ions incorporated as dopant has been derived. Chemical pressure can be achieved in gallium garnet structures by the simple substitution of the RE 3+ ( = Gd, Y, and Lu) ions due to their differences in ionic size (related to the rare earth contraction). The GaO 4 , GaO 6 and REO 8 structural units reduce their volumes creating a more compacted unit cell when the RE size decreases. This size effect also increases the frequencies of the vibrational modes of the GaO 4 tetrahedra and the GaO 6 of the octahedra, whereas those associated with the REO 8 decreases due to the increase of the RE mass. Chemical pressure increases the crystal-field strength felt by the Nd 3+ ions in the nano-garnet structure but, at the same time, the degree of orthorhombic distortion of the REO 8 dodecahedral unit decreases, giving rise to an overall smaller splitting of the 4 F 3/2 emitting multiplet and, hence of the emission peaks to the lower Stark levels of each 4 I J multiplet. The lifetime for the 4 F 3/2 level of Nd 3+ ion in these nano-garnets are quite close to each other, although they are found to be longer compared to those of other Nd 3+ -doped crystals; whereas the energy transfer processes are mainly due to dipole-dipole type interaction between the Nd 3+ ions and are nearly insensitive to the chemical pressure, i.e. when the RE-RE distance decreases. The competition between the Nd 3+ radiative versus non-radiative de-excitation rates gives rise to strong luminescence at around 1.065 µm evidenced from high branching ratios of the 4 F 3/2 → 4 I 11/2 transition and relatively long lifetimes of the 4 F 3/2 level in Nd 3+ -doped rare earth gallium nanogarnets. These results indicate that these gallium-based nano-garnets could be an excellent option to replace aluminum-based garnets in photonic and nano-scale applications.
